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THE USE OF SPECTRAL ANALYSIS I N  DESCRIBING 
LUNAR SURFACE ROUGHNESS 

By Wesley J. Rozema 

ABSTRACT 

The power s p e c t r a l  d e n s i t y  (PSD) f u n c t i o n  has  been i n v e s t i -  
gated i n  r e c e n t  years  as a means of s t a t i s t i c a l l y  d e s c r i b i n g  land- 
s u r f a c e  roughness. Knowledge of t h e  PSD f u n c t i o n s  of  l u n a r  topo- 
graphic  p r o f i l e s  is  u s e f u l  f o r  ana lyz ing  t h e  manner i n  which ex- 
per imenta l  l u n a r  roving v e h i c l e s  w i l l  respond t o  l u n a r  t e r r a i n .  
I n  a d d i t i o n ,  t h e  f u n c t i o n  enables  comparison of t he  relative 
"roughness" of d i f f e r e n t  types of t e r r a i n .  

of t h e  PSD funct ion .  Methods of determining t h e  f u n c t i o n  were 
s e l e c t e d  and appl ied  c o n s i s t e n t l y  t o  several t e r res t r ia l  and l u n a r  
topographic p r o f i l e s .  Superpos i t ion  of t he  graphs of  t h e s e  func- 
t i o n s  provides  a n  i n t u i t i v e  comparison of  t h e  "roughness" of ter- 
res t r i a l  and l u n a r  t e r r a i n s .  

C e r t a i n  s t a t i s t i c a l  problems are i n h e r e n t  i n  t h e  de te rmina t ion  

INTRODUCTION 

The de termina t ion  of a s t a t i s t i c a l  d e s c r i p t i o n  of  t h e  rough- 

ness  of t h e  l u n a r  s u r f a c e  i s  v i t a l  f o r  t h e  d e s i g n  of l u n a r  roving 

v e h i c l e s .  Under t h e  sponsorship of NASA, Mason, McCombs, and 

Crambli t  (1964) and Olivier  and Valent ine  (1965) proposed the  ELMS 

and ELMO, r e s p e c t i v e l y ,  as s t a t i s t i c a l  models of t h e  l u n a r  su r face .  

Schloss  (1965) suggested t h e  use of c u r v a t u r e  a s  a s u r f a c e  rough- 

ness  c h a r a c t e r i s t i c .  

E f f o r t s  toward g e n e r a t i n g  a s t a t i s t i c a l  d e s c r i p t i o n  of  t h e  

roughness of t h e  l u n a r  s u r f a c e  were begun f o r  t h e  U.S. Geological  

Survey by McCauley (1964). 

from Earth-based photographs , Rowan and McCauley (1965) found t h e  

mean and s tandard  d e v i a t i o n  of s l o p e s  t o  b e  u s e f u l  s t a t i s t i c a l  

parameters f o r  t h e  q u a n t i t a t i v e  d e s c r i p t i o n  of l u n a r  s u r f a c e  rough- 

ness  a t  Earth-based r e s o l u t i o n s .  However, when c o n s i d e r i n g  t h e  

d e s i g n  of a l u n a r  roving vehic le ,  n e i t h e r  t h e  aforementioned param- 

eters nor d a t a  from the  maximum-resolution Earth-based l u n a r  photo- 

graphs are completely adequate. 

Using d a t a  der ived  photometr ica l ly  

A t  p r e s e n t ,  l u n a r  s u r f a c e  f e a t u r e s  as s m a l l  as 0 . 6  meter can 

be resolved through photoc l inometr ic  reduct ion  of Lunar O r b i t e r  I1 

1 



and 111 photography. This  degree  of r e s o l u t i o n  i s  s u f f i c i e n t  f o r  

l u n a r  t r a f f i c a b i l i t y  a n a l y s i s .  Furthermore, t he  power s p e c t r a l  

d e n s i t y  (PSD) f u n c t i o n  of a topographic p r o f i l e  has been found t o  

be a n  e s p e c i a l l y  u s e f u l  s t a t i s t i c  i n  t h e  a n a l y s i s  of v e h i c u l a r  

response t o  t e r r a i n .  S p e c t r a l ,  o r  t i m e  series, a n a l y s i s  enab le s  

examination of t he  frequency con ten t  of t h e  topographic p r o f i l e .  

Although s p e c t r a l  a n a l y s i s  o r i g i n a t e d  i n  communication engineer -  

ing ,  i n  r e c e n t  yea r s  i t  has been app l i ed  t o  o t h e r  f i e l d s ,  i nc lud ing  

a n a l y s i s  of t e r r a i n  roughness. Suggested by Bekker (1960) as one 

q u a n t i t a t i v e  s p e c i f i c a t i o n  of t e r r a i n  roughness, i t  has been ap- 

p l i e d  t o  o f f - road  hard ground by Kozin, Cote ,  and Bogdanoff (1963), 

and t o  the  l u n a r  s u r f a c e ,  as photographed by Rangers V I 1  and V I I I ,  

by J a e g e r  and Schuring (1966) and Van Deusen (1966). 

Techniques f o r  t he  d e r i v a t i o n  of t h e  PSD f u n c t i o n  have been 

i n v e s t i g a t e d  as p a r t  of t h e  Geological Survey ' s  Lunar T r a f f i c a b i l -  

i t y  p r o j e c t ,  sponsored by NASA. The p a r t i c u l a r  problems of analyz- 

ing  a topographic p r o f i l e  by t h i s  method have been s t u d i e d ,  and 

the  PSD f u n c t i o n s  of several terrestr ia l  and luna r  topographic 

p r o f i l e s  have been determined. This r e p o r t  summarizes the  r e s u l t s .  

POWER SPECTRAL DENSITY FUNCTION 

D e f i n i t i o n  

P r o f i l e s  of l una r  and analogous terrestrial topography cannot 

be desc r ibed  by a s p e c i f i c  f u n c t i o n a l  r e l a t i o n s h i p ;  t hus ,  f o r  the  

purpose of mathematical a n a l y s i s ,  they are random p r o f i l e s .  The 

frequency c o n t e n t  of such p r o f i l e s  i s  determined by s p e c t r a l  ana l -  

y s i s .  Nearby p o i n t s  on these  p r o f i l e s  can be reasonably  assumed 

t o  e x h i b i t  some degree  of c o r r e l a t i o n ,  which, expressed as a 

f u n c t i o n  of t he  d i s t a n c e  between them, can be s t a t e d  mathematically 

as : 

R(v) = N O  SNh(x).h(x + v)dx, Ivl <N 

2 



where h(x) and h (x  + v) r e p r e s e n t  "neighboring" e l e v a t i o n s  a t  a 

d i s t a n c e  v a p a r t ,  and N is the  t o t a l  number of e l e v a t i o n  p o i n t s  

considered. R(v) i s  c a l l e d  t h e  a u t o c o r r e l a t i o n  func t ion .  

The va lue  of R(v)  f o r  s p e c i f i c  v a l u e s  of v may c o n t a i n  in- 

format ion  regard ing  the  frequency con ten t  of a s p e c i f i c  p r o f i l e .  

For example, cons ide r  t he  u n l i k e l y  (and nonrandom) s u r f a c e  pro- 

f i l e  of f i g u r e  1. For d i s t a n c e  v = b y  R(v)  = 0 f o r  a l l  va lues  of 

x, b u t  f o r  v = 2b, R(v) = L E 2 ,  s i n c e  f o r  h a l f  of t h e  v a l u e s  of 

x ,  h(x) .h(x  + 2b) = 0 ,  and f o r  the  remaining va lues  of x ,  

h ( x ) * h ( x  +2b) = E . The graph of t he  a u t o c o r r e l a t i o n  f u n c t i o n  

( f i g .  2) i l l u s t r a t e s  the  presence of t he  frequency which has 

p e r i o d i c i t y  2b i n  the  s u r f a c e  p r o f i l e .  

2 

2 

From t h i s  v e r y  s i m p l e ,  nonrandom example, i t  i s  p o s s i b l e  t o  

e x t r a p o l a t e  the  concept of t h e  power spectrum. The power spectrum 

i s  a measurement of t he  amount of v a r i a t i o n  of t h e  p r o f i l e  h e i g h t  

con t r ibu ted  by the  v a r i o u s  f r equenc ie s  p re sen t .  For the  above 

example, on ly  one frequency, x, c o n t r i b u t e s  t o  the  v a r i a t i o n  of 

p r o f i l e  h e i g h t ,  as can be seen  from the  a u t o c o r r e l a t i o n  f u n c t i o n  

graph ( f i g .  2). Hence, t he  graph of t he  power spectrum of  t h i s  

example would be a s i n g l e  sp ike  r e p r e s e n t i n g  power, P(w),  a t  t he  
1 frequency - ( f i g .  3 ) .  2b 

1 

Determination of the  power spectrum f o r  a nonperiodic func- 

t i o n  demands a r a t h e r  lengthy  mathematical development, b u t  can 

be expla ined  i n t u i t i v e l y  as follows: Any p e r i o d i c  f u n c t i o n  can 

be descr ibed  by i t s  F o u r i e r  series r e p r e s e n t a t i o n ;  t h u s ,  t he  au to-  

c o r r e l a t i o n  f u n c t i o n  of f i g u r e  2 can 

series of t he  form R(v)  = F(n) cos 

of t h e  func t ion .  I f  t h e  f u n c t i o n  i s  

co c 
n = O  

be represented  by a F o u r i e r  

nwv, where - i s  the  per iod  

nonper iodic ,  as is  a random 

2n 
w 

f u n c t i o n ,  t h i s  concept can be extended by cons ide r ing  the  pe r iod ic -  

i t y  t o  be i n f i n i t e ,  and i t s  r e p r e s e n t a t i o n  becomes t h e  Four i e r  

i n t e g r a l  over  a l l  f r equenc ie s :  
m 

R(v) = soP(w) cos wvdw 

3 



I n  e l e c t r i c a l  theory ,  power i s  p r o p o r t i o n a l  t o  the  square  of 

e i t h e r  t h e  v o l t a g e  o r  the  c u r r e n t .  This  t e r m  can be c a r r i e d  over 

t o  f u n c t i o n s  i n  g e n e r a l ,  and thus  power i s  desc r ibed  as t h e  mean 

square  v a l u e  of  any func t ion .  I f  t he  f u n c t i o n  i s  p e r i o d i c ,  t he  

power con t r ibu ted  by any d i s c r e t e  frequency can be desc r ibed  as 

the  square  of t h e  F o u r i e r  c o e f f i c i e n t  a s s o c i a t e d  wi th  the  f r e -  

quency. When v = 0 i n  t h e  a u t o c o r r e l a t i o n  f u n c t i o n ,  t h e  func t ion  

becomes L - h 2 ( x ) d x ,  which i s  the  mean squa re  v a l u e ,  o r  power, of N O  
h(x). P a r s e v a l ' s  theorem then shows t h a t  t h e  power spectrum i s  

g iven  by P(n) = /p(n)l 2 

I f  a random p r o f i l e  i s  considered as one i n  which a continuum 

of f r equenc ie s  c o n t r i b u t e  t o  t h e  v a r i a t i o n s  of p r o f i l e  h e i g h t ,  i t  

becomes obvious t h a t  t he  power con t r ibu ted  can be found only  f o r  

bands of f r e q u e n c i e s ,  and not  f o r  d i s c r e t e  f requencies .  Thus, 

we w i l l  be d e a l i n g  wi th  the  power s p e c t r a l  d e n s i t y  (PSD) , i .e.  

the  power pe r  u n i t  bandwidth, r a t h e r  than the  power spectrum. 

S ince  the  a u t o c o r r e l a t i o n  f u n c t i o n  of a random p r o f i l e  i s  expressed 

as a F o u r i e r  i n t e g r a l ,  PSD can be shown t o  be e q u i v a l e n t  t o  i t s  

F o u r i e r  t ransform,  P(w) = 2[oR(v) cos wvdv. Thus, g iven  the  auto- 

c o r r e l a t i o n  f u n c t i o n ,  the  PSD func t ion  can be determined, and v i c e  

versa. 

OD 

A s  a f u r t h e r  i l l u s t r a t i o n  of t he  r e l a t i o n s h i p  of t he  au to-  

c o r r e l a t i o n  and PSD f u n c t i o n s ,  cons ider  a t e r r a i n  p r o f i l e  c o n s i s t -  

i ng  of g r e a t  amplitude d i f f e r e n c e s  i n  c l o s e l y  spaced po in t s .  The 

a u t o c o r r e l a t i o n  f u n c t i o n  f o r  such a p r o f i l e  w i l l  show l i t t l e  cor -  

r e l a t i o n  between "neighboring" p o i n t s ,  b u t  t h e  PSD f u n c t i o n  w i l l  

show g r e a t  power i n  the  h igh  frequency bands. 

A s  sump t ions  

Two cond i t ions  must ex is t  before  a s p e c t r a l  a n a l y s i s  can be 

made of any g iven  random p r o f i l e .  

s e n t  a s t a t i o n a r y  p rocess ,  i .e. i t s  s ta t i s t ica l  p r o p e r t i e s  w i l l  

be una f fec t ed  by a change i n  the  o r i g i n  of t h e  p r o f i l e .  

F i r s t ,  t h e  p r o f i l e  must repre- 

This  

4 



Figure  1 . - -Arbi t ra ry  nonrandom s u r f a c e  p r o f i l e .  

Figure 2 . - -Autocorre la t ion  f u n c t i o n  of a r b i t r a r y  s u r f a c e  
i n  f i g u r e  1. 

Figure 3.--Power spectrum of a r b i t r a r y  s u r f a c e  i n  f i g u r e  1. 

Figure  4 . - - P r o f i l e  showing a l i a s i n g  problem. 

5 



c o n d i t i o n  may be assumed t o  hold when a sample p r o f i l e  i s  obtained 

e n t i r e l y  w i t h i n  a s i n g l e  homogeneous t e r r a i n  u n i t .  Second, t h e  

mean v a l u e  of t h e  p r o f i l e  h e i g h t  must be ze ro ;  i f  i t  i s  n o t ,  i t  

can e a s i l y  be converted by normalizing the  da t a .  

Problems i n  S p e c t r a l  Analys is  

I n  t h e  a c t u a l  de te rmina t ion  of t h e  PSD f u n c t i o n ,  s e v e r a l  

r a t h e r  d i f f i c u l t  problems arise. B a s i c a l l y ,  t h e s e  are of two 

types:  1) i n s t a b i l i t y  i n  t h e  s p e c t r a l  estimates r e s u l t i n g  from 

sampling l i m i t a t i o n s ,  and 2) contaminat ion of t h e  " t rue" power 

spectrum by long t rends  i n  t h e  p r o f i l e .  

S t a t i s t i c a l  Es t imat ion  

When a t e r r a i n  p r o f i l e  i s  recorded,  on ly  a f i n i t e  number of 

d i s c r e t e  d a t a  p o i n t s  can be obtained over  a f i n i t e  length.  Con- 

s e q u e n t l y ,  t h e  a u t o c o r r e l a t i o n  and PSD f u n c t i o n s  which are d e t e r -  

mined w i l l  of n e c e s s i t y  be e s t i m a t e s  of t h e  "true" f u n c t i o n s ,  a s ,  

mathematical ly ,  bo th  are i n t e g r a l s  over a l l  f requencies  o r  lags .  

This  l e a d s  t o  t h e  fol lowing problems of s t a t i s t i c a l  es t imat ion:  

(1) P r o f i l e  h e i g h t s  can be read only  a t  d i s c r e t e  p o i n t s ,  

r e s u l t i n g  i n  loss of  information. A s  i l l u s t r a t e d  i n  f i g u r e  4 ,  i f  

t h e  sampling i n t e r v a l  is Ax, f requencies  i n  the  p r o f i l e  g r e a t e r  

than - cannot be de tec ted .  However, t h e  power found a t t r i b u t -  

a b l e  t o  t h e  frequency - i s  a c t u a l l y  compounded by a l l  h igher  

f requencies  which are i n d i s t i n g u i s h a b l e  from - and are m u l t i p l e s  

of i t .  This  a l i a s i n g  problem can be c o r r e c t e d  i n  s i g n a l s  pro- 

duced by e l e c t r o n i c  devices  by f i l t e r i n g  o u t  f requencies  h igher  

than - p r i o r  t o  sampling the  data .  I n  t e r r a i n  p r o f i l e s ,  however, 

a l i a s i n g  can be  avoided only  by choosing a sampling i n t e r v a l  small- 

er than  any p h y s i c a l l y  expected p r o f i l e  frequency. T h i s ,  obviously,  

i s  n o t  u s u a l l y  p o s s i b l e ,  p a r t i c u l a r l y  when cons ider ing  l u n a r  ter- 

r a i n  p r o f i l e  l i m i t a t i o n s .  

2 Ax 

2 Ax 

2Ax 

2 Ax 

( 2 )  Since  t h e  p r o f i l e  record i s  of f i n i t e  l e n g t h ,  auto- 

c o r r e l a t i o n  f u n c t i o n s  f o r  l a r g e  l ags  ( t h e  d i s t a n c e  v between 

p o i n t s  on t h e  p r o f i l e )  must be formed from v e r y  few observa t ions .  

This  produces a g r e a t  d e a l  of i n s t a b i l i t y  i n  t h e  s t a t i s t i c a l  
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estimates of  t h e  PSD func t ion .  To c o r r e c t  t h i s ,  s t a t i s t i c i a n s  

have devised  several l a g  windows (weight  func t ions)  t o  be appl ied  

t o  t h e  a u t o c o r r e l a t i o n  f u n c t i o n ,  o r  s i m i l a r l y ,  s p e c t r a l  windows 

(kerne ls )  t o  be  appl ied  t o  t h e  PSD func t ion .  General ly ,  t h e  l a g  

windows apply decreas ing  weights  t o  i n c r e a s i n g  l a g s  i n  o r d e r  t o  

decrease  t h e  sampling e r r o r  incur red  by inc luding  t h e  l a r g e  l a g s  

i n  t h e  a u t o c o r r e l a t i o n  func t ion .  Unfor tuna te ly ,  a l though t h e s e  

windows i n c r e a s e  t h e  s t a b i l i t y  of t h e  estimate of t h e  PSD f u n c t i o n ,  

they a l s o  i n c r e a s e  t h e  bandwidth of f requencies  c o n t r i b u t i n g  t o  

t h e  power. Conversely,  decreas ing  t h e  bandwidth of f requencies  

a l s o  decreases  t h e  s t a b i l i t y  of t he  estimates. Many r e l i a b l e  

windows have been proposed, as w e l l  as cr i ter ia  f o r  t e s t i n g  them, 

and t h e  merits of each have been e x t e n s i v e l y  debated. 

Detrending 

A long-term trend a f f e c t s  t h e  PSD f u n c t i o n  of a p r o f i l e  i n  

two ways: 1) i t  may r e s u l t  i n  a nons ta t ionary  p r o f i l e  ( i . e .  a 

p r o f i l e  whose s t a t i s t i c a l  p r o p e r t i e s  are a f f e c t e d  by a change i n  

o r i g i n ) ,  and 2) s i n c e  the  amplitude of t h e  p r o f i l e  a s s o c i a t e d  

w i t h  t h e  low frequency of a long t rend would l i k e l y  be r e l a t i v e l y  

l a r g e ,  enough power would be c o n t r i b u t e d  by t h e  low frequency 

t o  obscure t h a t  c o n t r i b u t e d  by h igher  f requencies .  S ince  t h e  

e f f e c t  of low f requencies  i s  i r r e l e v a n t  t o  v e h i c l e  response,  pro- 

f i l e s  can be detrended ( i . e .  long t r ends  can be e l imina ted)  i n  

o r d e r  t o  more a c c u r a t e l y  d e s c r i b e  t h e  power i n  t h e  range of  f r e -  

quencies  which are a p p r o p r i a t e  f o r  v e h i c l e  response. 

S e v e r a l  methods of de t rending  have been proposed: l i n e a r  

de t rending  (Parzen ,  1964) , paraboloid f i t t i n g  and l i n e a r  running 

average (Kozin,  Cote ,  and Bogdanoff, 1963), and a n  e x p o n e n t i a l l y  

weighted average (Van Deusen, 1966). For a de t rending  method t o  

be e f f e c t i v e ,  t h e  d a t a  i n  t h e  frequency range which b e s t  d e s c r i b e s  

t h e  t e r r a i n  roughness must remain una l te red .  However, i n  e l imin-  

a t i n g  t h e  power cont r ibu ted  by low f r e q u e n c i e s ,  de t rending  a l s o  

a t t e n u a t e s  t h e  power a t  some, i f  n o t  a l l ,  of t h e  h igher  frequen- 

cies. The r e s u l t s  of a n  i n v e s t i g a t i o n  of  t h i s  problem are d i s -  

cussed i n  t h e  appendix. 
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I n t e r p r e t a t i o n  

PSD func t ions  of t e r r a i n  p r o f i l e s  are u s u a l l y  p l o t t e d  on 

log- log  graph paper ,  w i th  frequency u n i t s  of c y c l e s  p e r  meter and 
2 power u n i t s  .of meters p e r  cyc le  p e r  meter. Terrestrial  and luna r  

t e r r a i n  samples both  possess  the  same g e n e r a l  c h a r a c t e r i s t i c s  , 
i .e.  t he  power con t r ibu ted  by lower f r equenc ie s  i s  much g r e a t e r  

than t h a t  con t r ibu ted  by h ighe r  f requencies .  Van Deusen (1966) 

noted t h a t ,  i n  g e n e r a l ,  PSD func t ions  o f  t e r r a i n  have a s lope  of 

-2 when p l o t t e d  on log- log  paper. There are,  however, s i g n i f i c a n t  

d i f f e r e n c e s  i n  some frequency ranges i n  the  spectrums of t h e  

va r ious  t e r r a i n  u n i t s ,  and t h e  en t i re  spectrum of one t e r r a i n  may 

be g r e a t e r  than  t h a t  of ano the r  by a t  l eas t  an  o r d e r  of magnitude. 

Thus, t h e  roughness of one t e r r a i n  sample may be much g r e a t e r  

than another  over a l l  f requencies .  

The a p p l i c a t i o n  of s p e c t r a l  a n a l y s i s  t o  v e h i c l e  des ign  i s  

accomplished by "shaping," i n  an analog computer, t he  power spec- 

t rum of a whi te -noise  gene ra to r  ( t h e  PSD of a random func t ion )  t o  

approximate t h a t  of t he  power spectrum of the  t e r r a i n  under con- 

s i d e r a t i o n .  A simulated t e r r a i n  p r o f i l e  i s  then  genera ted  by 

the  computer, and i s  subsequently used as inpu t  i n t o  a system of 

d i f f e r e n t i a l  equa t ions  which desc r ibe  t h e  dynamic response of a 

veh ic l e .  The ana log  computer s imula tes  t he  phys ica l  system, and 

can thus provide  the  des ign  s p e c i f i c a t i o n s  f o r  t he  v e h i c l e  t h a t  

w i l l  be b e s t  s u i t e d  f o r  t e r r a i n  of a g iven  s p e c t r a l  composition. 

TECHNIQUES USED 

I n  the  p a s t ,  s c i e n t i s t s  who have determined the  PSD f u n c t i o n s  

of t e r r a i n s  have s e l e c t e d  v a r i o u s  d i f f e r e n t  s p e c t r a l  windows and 

have used v a r i o u s  techniques t o  de t rend  p r o f i l e s .  It i s  doub t fu l  

whether v a l i d  comparisons of t e r r a i n  roughness can  be drawn from 

such s t u d i e s .  Cons i s t en t  methods and techniques must be app l i ed  

t o  a l l  t e r r a i n  u n i t s ,  bo th  terrestrial  and l u n a r ,  be fo re  v a l i d  

comparisons can be made. Also,  techniques should be used t h a t  

w i l l  p rovide  the  s t a b l e s t  s p e c t r a l  estimates and t h a t  w i l l  least  

d i s t o r t  the  "true" spectrum. 
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S p e c t r a l  Window 

S ince  d a t a  samples f o r  a t e r r a i n  p r o f i l e  are n o t  cont inuous ,  

f i n i t e  forms of t h e  a u t o c o r r e l a t i o n  and PSD f u n c t i o n s  must be used 

I n  t h i s  s tudy  the  estimates suggested by Jenk ins  (1961) have been 

used : N-v 
. . m  

R(v) = - h'(x)h'(x + v) ,  v = 0, 1, ..... ,M 
Nx = 1 

where - 
h'(x) = h(x)-h(x) , - 
h(x)= sample mean 

M = maximum lag. r 
p r o f i l e  h e i g h t ,  

+ 2 f X(v)R(v) COS WV 

v =  1 I 
where A = sampling i n t e r v a l  

v > M  

h(v) is t h e  l a g  window suggested by Parzen  (1961). This  form of 

the  PSD f u n c t i o n  P(W) i s  t h e  f i n i t e  F o u r i e r  t ransform of t h e  

a u t o c o r r e l a t i o n  func t ion .  

I n  the  r e s u l t s  which fo l low,  a l l  s p e c t r a l  estimates have 

been made us ing  a maximum l a g  of approximately 10 pe rcen t  of t he  

number of p o i n t s  i n  the  t e r r a i n  sample. 

D e  t r end ing  

I n  t h i s  s tudy ,  t he  exponen t i a l ly  weighted average suggested 

by Van Deusen (1966, p. 57) has  been used c o n s i s t e n t l y  t o  de t rend  

the  t e r r a i n  p r o f i l e s  p r i o r  t o  de t e rmina t ion  of t he  PSD funct ion .  
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The va lues  of  t h e  p r o f i l e  e l e v a t i o n s  a f t e r  de t r end ing  are g iven  

-nA/X [h(x + nA) + h(x - nA>l e 
L n = O  hd(x) = h(x) - 

f -nA/A e 
n = O  

where 

h(x) = o r i g i n a l  p r o f i l e  h e i g h t ,  

A = sampling i n t e r v a l ,  

X = a r b i t r a r y  cons t an t .  

The choice  of t he  v a l u e  of X g r e a t l y  a f f e c t s  t h e  ampl i tudes  of 

t he  detrended p r o f i l e .  A va lue  of h = 15 was used c o n s i s t e n t l y  

i n  de t r end ing  a l l  t e r r a i n  p r o f i l e s  i n  t h i s  study. 

RESULTS 

I n  the  i n i t i a l  phases of t h i s  s tudy ,  t he  only  luna r  d a t a  

a v a i l a b l e  were e l e v a t i o n  v a l u e s ,  computed a t  t h e  J e t  Propuls ion  

Laboratory,  of the  t e r r a i n  photographed i n  the  l as t  P-3 frames of 

t he  Ranger V I 1 1  and I X  f l i g h t s ,  and a topographic contour  map of 

t h e  Surveyor I11 landing  s i t e  which was developed by R. M. Batson 

of t h e  U.S. Geologica l  Survey. S ince  t h e r e  were many unce r t a in -  

ties as t o  t h e  r e l i a b i l i t y  of these  d a t a ,  they were used primar- 

i l y  as sources  f o r  e x p l o r a t o r y  i n v e s t i g a t i o n s  i n  de t r end ing ,  max- 

imum l a g ,  and normal i ty  of the  d a t a  d i s t r i b u t i o n s .  

Use of t h e  t e r r a i n  d a t a  from the  h i g h - r e s o l u t i o n  O r b i t e r  

photography w a s  a n t i c i p a t e d  f o r  f u r t h e r  s p e c t r a l  a n a l y s i s  of 

l u n a r  topography. However, i n  process ing  the  t e r r a i n  d a t a  by 

the  photoc l inometr ic  method ( o r i g i n a l l y  developed by Lambiotte 

and Tay lo r ,  1 9 6 7 ) ,  d i f f i c u l t i e s  developed t h a t  delayed s p e c t r a l  

ana lyses  of most l una r  samples. To d a t e ,  fou r  reasonably  reli- 

a b l e  luna r  t e r r a i n  samples have been processed;  t h i s  r e p o r t  in- 

c ludes  t h e i r  s p e c t r a l  ana lyses .  The f o u r  areas were chosen on 

Lunar O r b i t e r  I11 photographs ( f i g .  5) and are i n  Apollo s i t e  111 

P-9, which is  j u s t  n o r t h  of t h e  Mare Cognitum region. 
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Frame H153, f r ame le t  901  

. , .  . , .  

Frame H154, f r ame le t  027 (Surveyor I11 landing site) 

Frame H153, f r ame le t  914 

Frame H153, framelet 933 

F igure  5.--Lunar t e r r a i n  i n  fou r  areas photographed by Lunar 
O r b i t e r  111. 
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PSD func t ions  have a l s o  been determined f o r  s e v e r a l  terrestri- 

a l  t e r r a i n s .  These inc lude  t h e  undis turbed t e r r a i n s  of the  Bonito 

lava f low,  F l a g s t a f f ,  Ariz.  ( f i g .  6 ;  d a t a  from a contour  map by 

R. M. Batson, U.S. Geological  Survey) and of the  P e r t h  Amboy, 

N. J. , micro-badlands ( f i g .  7 ;  d a t a  from a contour  map by A. 

S t r a h l e r ,  Geology Dept . ,  Columbia Univ.). Also included are the  

man-dis tor ted t e r r a i n s  of the  Perryman Mud Course a t  t he  Aberdeen 
Proving Grounds, Md., and of the  Yuma Proving Grounds, Ariz.  ( d a t a  

from Kozin, Cote ,  and Bogdanoff, 1963). 

F i n a l l y ,  spectral a n a l y s i s  has been completed on two s imulated 

lunar  t e r r a i n s :  t he  Cinder Lake c r a t e r  f i e l d  near  F l a g s t a f f ,  Ariz. 

( f i g .  8) and the  S u f f i e l d  test  c r a t e r  "Distant  P l a i n , "  near  Rals ton ,  

A l b e r t a ,  Canada ( d a t a  from a contour map cour t e sy  of D r .  G. H. S. 

Jones) .  A l l  t he  areas, luna r  and terrestr ia l ,  have been sampled 

a t  an  interval  of approximately 0 .6  meter. 

F igure  9 shows the  PSD func t ions  of the  fou r  luna r  t e r r a i n  

p r o f i l e s .  These su r faces  are obviously similar i n  degree of rough- 

nes s ;  however, the  PSD curve of the f r ame le t  933 p r o f i l e  i n d i c a t e s  

s l i g h t l y  lower power a t  a l l  f requencies .  

One of the  lunar  PSD func t ions  is  compared wi th  those of the  

undis turbed terrestrial  t e r r a i n s  and t h a t  of t he  S u f f i e l d  c r a t e r  

i n  f i g u r e  10. The luna r  t e r r a i n  appears  t o  be much less rough 

than the  terrestrial ones. The high power a t  a l l  f requencies  of 

both the  P e r t h  Amboy micro-badlands and the  Bonito f low i n d i c a t e  

ve ry  rough t e r r a i n s ,  and the  ve ry  high power a t  the  h igh  frequen- 

cies i n  the Bonito f low PSD func t ion  i n d i c a t e s  the  extreme rough- 

ness  of the  area, as any one who has observed i t  can attest .  It 

i s  i n t e r e s t i n g  t o  note  t h a t  t he  PSD f u n c t i o n  va lues  f o r  the  Suf- 

f i e l d  crater are cons iderably  g r e a t e r  a t  a l l  f requencies  than 

t h a t  of t he  luna r  s u r f a c e  sampled. 

F igure  11 compares the  PSD func t ions  of t h e  "smoothest" lunar  

t e r r a i n  p r o f i l e ,  f r ame le t  933, with those of t h e  man-dis tor ted 

terrestrial t e r r a i n s  and w i t h  t h a t  of t h e  s imulated luna r  mare of 

Cinder Lake crater f i e l d .  It is s t r i k i n g  t h a t  the  s imulated luna r  

12 



. . .  

n 

13 



Figure  7. --Micro-badlands topography, P e r t h  Arnboy, N. J. (cour- 
t e s y  of D r .  S t a n l e y  Schumm, Colorado S t a t e  Univ.). 
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Frame H153, frarklet 90 
- - - - - - - - Frame H153, framelet91' 

Frame H153, framelet93: -- 
.-.-. Frame H154, fro 

I 

.20 

Frequency, in cycles per meter 

let 02 

- 

3 

Figure  9.--Power s p e c t r a l  d e n s i t y  func t ions  of detrended luna r  ter- 
ra in  p r o f i l e s  (from Lunar O r b i t e r  111). 

16 



Bonito lava flow 
- - - - - - - - Perth Arnboy, N. J, micro. 

badlands 
Suffield test crater -- 
Frar .-.-. H153, framelet 90 

Frequency, in cycles per meter 

Figure  10.--Comparison of power spectral  d e n s i t y  f u n c t i o n s  of de- 
trended l u n a r  t e r r a i n  p r o f i l e  w i th  detrended undis turbed  ter- 
restrial t e r r a i n  p r o f i l e s .  
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Figure  11.--Comparison of  power s p e c t r a l  d e n s i t y  func t ions  of de- 
t rended luna r  t e r r a i n  p r o f i l e  wi th  detrended man-dis tor ted ter- 
restrial  t e r r a i n  p r o f i l e s .  
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crater f i e l d  PSD f u n c t i o n  shows g r e a t e r  power a t  a l l  f r equenc ie s  

than  t h a t  shown by the  a c t u a l  l una r  t e r r a i n  p r o f i l e .  It i s  a l s o  

noteworthy t h a t  t he  l u n a r  PSD func t ion  g e n e r a l l y  i n d i c a t e s  less 

roughness than  t h e  Aberdeen and Yuma Proving Grounds p r o f i l e s ,  

and t h a t  t h e s e  two areas are r e a d i l y  t r a f f i c a b l e  by many types 

of v e h i c l e s  . 
It should be remembered t h a t  a l though these  PSD f u n c t i o n  

graphs i n d i c a t e  power f o r  f r equenc ie s  from 0.01 t o  about 0.8 cyc le s  

p e r  meter, t he  frequency range considered r e l e v a n t  t o  v e h i c l e  

dynamics ( J a e g e r  and Schur ing ,  1966) i s  from 0.05 t o  0 .5  c y c l e s  

p e r  meter. Thus, t he  topographic v a r i a t i o n s  a f f e c t i n g  v e h i c u l a r  

response have wavelengths from 2 t o  20 meters. 

FUTURE APPLICATIONS 

The r e s u l t s  of t h i s  s tudy  sugges t  t h a t  t he  luna r  s u r f a c e s  

sampled are no rougher than many s u r f a c e s  on E a r t h ,  and are con- 

s i d e r a b l y  smoother than  many o the r s .  Other l una r  s u r f a c e s  should 

be i n v e s t i g a t e d  i n  o rde r  t o  g a i n  a more complete p i c t u r e  of l u n a r  

t r a f  f i cab  ili ty.  

A ve ry  important a p p l i c a t i o n  of s p e c t r a l  a n a l y s i s  which has 

n o t  y e t  been attempted i s  i n  geo log ica l  t e r r a i n  ana lyses .  The 

PSD f u n c t i o n  may be u s e f u l  f o r  d e s c r i p t i o n  of geomorphological 

types and t h e r e f o r e  of many geologic  map u n i t s ,  as w e l l  as a 

s t a t i s t i c a l  parameter of  s u r f a c e  roughness. 
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APPENDIX 

Effects of Detrending on t h e  PSD Funct ion 

A t h e o r e t i c a l  approach w a s  i n i t i a l l y  taken i n  s tudying  t h e  

effects of de t rending ,  fol lowing t h e  sugges t ion  of Van Deusen 

(1966, p. 5 7 ,  58) t h a t  t h e  p r o f i l e  be considered as a continuous 

s inusoid  of  t h e  form h(x) = s i n  27Twx. Thus, when a p r o f i l e  i s  de- 

t rended ,  on ly  t h e  amplitude is  a f f e c t e d .  The r a t i o  of t h e  ampli- 

tudes of t h e  o r i g i n a l  and t h e  detrended p r o f i l e s  is 1 
1 ) 2  ’ 

+ ( 2muh 

which i s  a f u n c t i o n  of bo th  frequency (W) and weight ing c o n s t a n t  

(A). Since  power i s  p r o p o r t i o n a l  t o  t h e  square of t h e  p r o f i l e  am- 

p l i t u d e ,  t h e  e f f e c t  of de t rending  on t h e  power spectrum can be des- 

c r ibed  by the  t r a n s f e r  f u n c t i o n ,  i .e . ,  t h e  square of  t h e  amplitude 

r a t i o .  Table 1 shows t h e  t r a n s f e r  f u n c t i o n  v a l u e s  f o r  v a r i o u s  

v a l u e s  of t h e  weight ing cons tan t  (A), and s e v e r a l  frequency va lues  

which are r e l e v a n t  t o  v e h i c l e  response. Note t h a t  f o r  h = 15, t h e  

t r a n s f e r  f u n c t i o n  va lues  are g r e a t e r  than 0.90 f o r  a l l  f requencies  

computed; t hus ,  t h e  power a t t e n u a t i o n  i s  less than  10 p e r c e n t  over 

a l l  t hese  f requencies .  

Although t h i s  r e s u l t  seemed promising, t h e  c o n s i d e r a t i o n  t h a t  

t h e  p r o f i l e  d a t a  are n o t  continuous led t o  t h e  conclusion t h a t  t h e  

sampling i n t e r v a l  might a f f e c t  t h e  t r a n s f e r  f u n c t i o n  va lues .  Again 

u s i n g  t h e  s inusoid  h(x) = s i n  27TcUx t o  d e s c r i b e  t h e  p r o f i l e  ( f r e -  

quency (w) must be r e t a i n e d  as a f a c t o r  of  t h e  t r a n s f e r  func t ion)  

b u t  us ing  a d i s c r e t e  sampling i n t e r v a l  i n  t h e  de t rending  equat ion  

( s e e  page l o ) ,  t h e  t r a n s f e r  f u n c t i o n  v a l u e s  were found t o  be  t h e  

square of 

n = O  
3hlA 1 -  

n = O  
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Table 2 shows t h e  v a l u e s  of  t h e  t r a n s f e r  f u n c t i o n  f o r  t h e  

same values  of  w and X as t a b l e  1 b u t  f o r  t h e  d i s c r e t e  sampling 

i n t e r v a l  A = 0.611 meters. These v a l u e s  are c o n s i s t e n t l y  less 

than  those found by cons ider ing  the  d a t a  t o  be cont inuous,  sug- 

g e s t i n g  t h a t  t h e  a t t e n u a t i o n  i n  power r e s u l t i n g  from de t rending  

i n c r e a s e s  as t h e  sampling i n t e r v a l  i nc reases .  Never the less ,  f o r  

t h e  sampling i n t e r v a l  A = 0.611, which is  approximately t h e  maxi- 

mum r e s o l u t i o n  p o s s i b l e  f o r  t h e  luna r  t e r r a i n  p r o f i l e s ,  a weight- 

i n g  c o n s t a n t  of h = 15 does n o t  cause a power a t t e n u a t i o n  of more 

than  10 p e r c e n t  except  a t  t h e  0.5 frequency. 

These r e s u l t s  l ed  t o  t h e  d e c i s i o n  t o  de t rend  t h e  l u n a r  and 

te r res t r ia l  p r o f i l e s  by t h e  e x p o n e n t i a l l y  weighted average method, 

wi th  a weight ing c o n s t a n t  of  h = 15. Because of t he  f l e x i b i l i t y  

of t h e  computer program e v e n t u a l l y  developed, i t  w a s  decided la te  

i n  t h e  i n v e s t i g a t i o n  t o  determine t h e  PSD f u n c t i o n s  of a l l  t h e  

undetrended p r o f i l e s ,  as w e l l  as t h e  detrended ones. Comparison 

of t h e  PSD f u n c t i o n s  o f  most of t he  t e r r e s t r i a l  p r o f i l e s ,  v i z ,  

Bonito f low,  P e r t h  Amboy micro-badlands, Aberdeen Proving Grounds, 

and Cinder Lake crater f i e l d ,  showed t h a t  de t rending  had been 

s u c c e s s f u l ,  i . e . ,  t h e r e  w a s  very  l i t t l e  a t t e n u a t i o n  of power ex- 

c e p t  a t  t h e  v e r y  l o w  frequencies .  

of a t t e n u a t i o n  a t  v a r i o u s  f requencies  t h a t  r e s u l t e d  from de- 

t rending  t h e  Aberdeen Proving Grounds p r o f i l e ;  f i g u r e  12 shows 

t h e  PSD f u n c t i o n s  of t h e  p r o f i l e  before  and a f t e r  i t  had been de- 

trended. A t  f requencies  g r e a t e r  than 0.10 c y c l e s  per  meter, t h e  

two f u n c t i o n s  v i r t u a l l y  coincide.  However, comparison of PSD 

funct ions  of t h e  Yuma Proving Grounds and lunar  p r o f i l e s  revealed 

t h a t  de t rending  had s i g n i f i c a n t l y  d i s t o r t e d  t h e  " t rue" power spec- 

trums. The a t t e n u a t i o n  of power i n  t h e s e  p r o f i l e s  w a s  v e r y  h igh ,  

commonly as much as 90 p e r c e n t  over  a l l  f requencies  ( t a b l e s  4 and 

5 ;  f i g s .  13 and 14). 

Table 3 g i v e s  t h e  percentage 

A p o s s i b l e  e x p l a n a t i o n  f o r  t he  d i f f e r e n c e s  i n  t h e  percentage 

of a t t e n u a t i o n  of power of  the v a r i o u s  t e r r a i n s  is suggested by 

observing t h e  a c t u a l  t e r r a i n  p r o f i l e s  of Aberdeen Proving Grounds, 
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Table 3.--Percentage of a t t e n u a t i o n  of power r e s u l t i n g  from de- 
t r end ing  the  Aberdeen Proving Grounds p r o f i l e  

For the  The percentage 
frequency-- of a t t e n u a t i o n  is-- 

0.0 
.009 
.019 
.028 
.038 
.047 
.057 
.066 
.076 
.085 
.095 . 104 
. 114 
.123 . 133 . 142 . 152 
.161 
.170 
.180 . 189 
.199 
.208 
.218 
.227 
.237 
.246 
.256 
.265 
.275 
.284 
.294 
.303 
.313 
.322 
.331 
.341 
.350 
.360 
.369 

97.0 
94.8 
81.5 
46.0 
23.9 
18.3 
16.1 
11.5 
6.5 
4.9 
4.5 
2.2 -. 2 
1. 6 
5.3 
9.4 
12.2 
11.1 
5.2 
.5 

-1.0 
-1.4 
1.7 
5.6 
5.1 
5.9 
5.7 
3.9 
3.8 
2.5 
1.1 
3.6 
5.0 
4.0 
6.3 

10.1  
5.4 
1.4 
.6 
1.1 

For the  The percentage 
frequency-- of a t t e n u a t i o n  is-- 

Q. 379 
.388 
.398 
.407 
.417 
.426 
.436 
.445 
.455 
.464 
.473 
.483 
.492 
.502 
.511 
.521 
.530 
.540 
.549 
.559 
.568 
.578 
.587 
.597 
.606 
.616 
.625 
.634 
.644 
.653 
.663 
.672 
.682 
.691 
.701 
.710 
.720 
.729 
.739 
.748 
,758 

3.0 
6. 6 
9.4 
8.4 
5.5 
2.9 
1.4 
3.0 
7.6 
6.6 
3.0 
1.7 
2.0 
6.3 
10.4 
3.9 
-5.7 
-7.9 
-5.8 
-4.0 

.8 
3.3 
3.4 
5.4 
8.2 
10.4 
9.6 
8. 1 
8. 1 
8.2 
9.1 
12.0 
15.3 
16.0 
12.5 
9.9 
10.7 
9.2 
4.1 -. 1 
-.9 
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Figure  12.--Power s p e c t r a l  d e n s i t y  func t ions  of  Aberdeen Proving 
Grounds p r o f i l e  be fo re  and a f t e r  detrending.  
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Table 4.--Percentage of  a t t e n u a t i o n  of power r e s u l t i n g  from de t rend-  
i n g  t h e  Yuma Proving Grounds p r o f i l e  

For t h e  The percentage  
frequency-- of a t t e n u a t i o n  is-- 

0.0 
.009 
.019 
.028 
.038 
,047 
,057 
,066 
.076 
.085 
.095 

104 
.114 

123 
.133 

142 . 152 
.161 
.170 
.180 . 189 
.199 
.208 
.218 
.227 
.237 
,246 
.256 
.265 
.275 
.284 
294 

.303 

.313 

.322 

.331 

.341 

.350 

. 3  60 

.369 

99.5 
99.2 
97 .1  
82.0 
52.0 
72.5 
88.7 
83.9 
75.3 
81.2 
88.3 
85.9 
85.0 
87.9 
89.9 
88.3 
88. 1 
88.8 
88.0 
83.4 
81.4 
83.9 
88.0 
89.2 
88.2 
86.4 
86.0 
85.4 
86.1 
88.0 
90.5 
91.2 
89.4 
87.9 
87.5 
87.2 
89.0 
91.9 
93.0 
92.6 

For the The percentage 
frequency-- of a t t e n u a t i o n  is-- 

0.379 
.388 
.398 
.407 
.417 
.426 
.436 
.445 
.455 
.464 
.473 
.483 
.492 
.502 
. 5  11 
.521 
.530 
.540 
,549 
.559 
.568 
.578 
.587 
f597 
,606 
.616 
.625 
.634 
.644 
.653 
.663 
,672 
,682 
.691 
.701  
. 7  10 
,720 
.729 
.739 
.748 
.758 

92.4 
92.6 
92.1 
89.1 
86.5 
87.6 
90.7 
91.9 
93.6 
94 .6  
94.6 
93.3 
91.4 
90.7 
91 .6  
92.6 
93. 6 
94.0 
94.4 
92.7 
90.0 
89.7 
91.4 
92.0 
91 .1  
90.6 
89.2 
86.8 
82.4 
80.9 
83.3 
87.1 
90.7 
92.5 
91 .8  
91.0 
89.5 
86.8 
84.3 
84.6 
86.5 
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Table 5.- -Percentage of a t t e n u a t i o n  of power r e s u l t i n g  from detrend-  
ing  the  Lunar O r b i t e r  111, frame H153, framelet 901 p r o f i l e  

For the  The percentage 
frequency-- of a t t e n u a t i o n  is-- 

0.0 . 0 10 
.021 
.031 
.042 
,052 
.063 
.073 
.083 
.094 
.lo4 . 115 . 125 . 135 
.146 . 156 
. 167 
.177 
,188 
.198 
.208 
.219 
.229 
.240 
.250 
.260 
.271 
.281 
.292 
.302 
.313 
.323 
.333 
.344 
.354 
.365 
.375 
.385 
.396 
.406 

99.4 
99.3 
98.8 
96.0 
87.8 
93.4 
95.4 
91.3 
84.1 
84.4 
86.9 
82.3 
81.2 
86.3 
90.0 
88.4 
87.0 
85.7 
85.5 
85.3 
87.6 
89.0 
90.2 
90.7 
91.8 
92.1 
92.5 
92.6 
93.1 
93.3 
93.2 
92.6 
92.5 
93.0 
93.3 
93.6 
94.1 
94.4 
94.7 
94.5 

For t he  The percentage 
frequency-- of a t t e n u a t i o n  is-- 

0.417 
.427 
.438 
.448 
.458 
.469 
.479 
.490 
.500 
.5 10 
.521 
.531 
.542 
,552 
,563 
.573 
.583 
.594 
.604 
.615 
.625 
.635 
.646 
.656 
.667 
.677 
.688 
.698 
.708 
.7 19 
.729 
.740 
.750 
.760 
.771 
.781 
.792 
.802 
.813 
.823 
.833 

94.8 
95.5 
95.7 
94.7 
93.9 
94.3 
95.6 
95.5 
95.5 
95.5 
95.6 
95.3 
95.0 
95.0 
95.2 
95.4 
95.6 
95.4 
95.6 
95.6 
95.6 
95.5 
95.2 
95.3 
95.4 
96. 1 
96. 1 
96.1 
95-7 
95.6 
95.3 
95.0 
95.5 
96. 1 
95.5 
95.6 
95.6 
95.6 
95.9 
96.3 
96.8 
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Figure  13.--Power s p e c t r a l  d e n s i t y  f u n c t i o n s  of Yurna Proving 
Grounds p r o f i l e  be fo re  and after de t rending .  
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Yuma Proving Grounds, and O r b i t e r  111, frame H153, framelet 901 

( s e e  f i g s .  15-17). An i n t u i t i v e  conclus ion  might be t h a t  f o r  pro- 

f i l e s  having l i t t l e  o r  no long t rends  (i.e. f r equenc ie s  less than 

0.02 cyc le s  p e r  meter) the  power a t t e n u a t i o n  caused by de t r end ing  

i s  ve ry  small, whereas f o r  p r o f i l e s  having s i g n i f i c a n t  long t r ends  

(e. g. Yuma Proving Grounds and luna r  t e r r a i n )  the  power a t tenua-  

t i o n  caused by de t r end ing  i s  g r e a t  over  a l l  f r equenc ie s  of t he  

spectrum. I n c i d e n t a l l y ,  comparison of t he  detrended topographic  

p r o f i l e s  ( n o t  shown i n  t h i s  r epor t )  w i t h  the  o r i g i n a l  p r o f i l e s  

( f i g s .  15-17),  shows t h a t  the  high frequency con ten t  of the  lat ter 

i s  adequate ly  preserved i n  the  former,  even f o r  t he  Yuma and luna r  

p r o f i l e s .  

The bear ing  t h a t  the  preceding observa t ions  might have on de- 

c i d i n g  whether o r  no t  t o  de t rend  a t e r r a i n  p r o f i l e ,  o r  on the  re- 

l i a b i l i t y  of the  exponen t i a l ly  weighted average method of de t rend-  

ing ,  is  not  y e t  c e r t a i n .  For purposes of t e r r a i n  a n a l y s i s ,  de- 

t rending  w i l l  probably be unnecessary.  
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